Originally identified as an angiogenic factor, vascular endothelial growth factor (VEGF-A
Introduction
Vascular endothelial growth factor (VEGF-A) is a primary regulator of angiogenesis by stimulating endothelial cell proliferation, migration, and tube formation (Greenberg and Jin, 2005) . But it is now well recognized that VEGF-A is not solely an endothelial mediator. Indeed, VEGF-A may represent one of the best examples of common signaling mechanisms in the neurovascular unit (Rosenstein and Krum, 2004; Lambrechts and Carmeliet, 2006) , a concept that emphasizes crosstalk between multiple cell types in the brain comprising neuronal, glial, and vascular compartments (Iadecola and Nedergaard, 2007; Zacchigna et al., 2008; Zlokovic, 2008; Moskowitz et al., 2010) . VEGF-A not only underlies vascular homeostasis, but is also expressed in astrocytes (Chow et al., 2001) , and VEGF-A signaling plays a key role in neuronal migration and CNS development (Carmeliet and Storkebaum, 2002) .
The role of VEGF-A is well established in terms of common neuronal, glial, and vascular functions in gray matter. Given that so much overlap exists in cell-cell signaling in the neurovascular unit, is it possible that VEGF-A might also affect white matter in unknown ways? In this proof-of-concept study, we decided to ask whether VEGF-A affects oligodendrocyte precursor cells (OPCs), the primary cell type responsible for sustaining white-matter development and maintenance (Nishiyama et al., 2009 ).
Materials and Methods
Immunohistochemistry. Rat brains (male and female Sprague Dawley rat, postnatal day 2) were taken after perfusion with PBS, pH 7.4, and quickly frozen in liquid nitrogen. Coronal sections of 12 m thickness were cut on cryostat at Ϫ20°C and collected on glass slides. Sections were fixed by 4% PFA and rinsed three times in PBS, pH 7.4. After blocking with 3% bovine serum albumin (BSA), sections were then incubated at 4°C overnight in a solution containing the primary antibodies in PBS, 0.1% Tween 20, 0.3% BSA. Staining was performed for the OPC marker NG2 (1:50; Millipore) or VEGF-receptor2/KDR/Flk-1 (1:100; Santa Cruz Biotechnology). The sections were washed and incubated for 1 h with secondary antibodies with fluorescence conjugations. Subsequently, the slides were covered with Vectashield mounting medium with 4Ј, 6Ј-diamidino-2-phenylindole (DAPI; H-1200; Vector Laboratories). Immunostaining was analyzed with a fluorescence microscope (Olympus BX51) interfaced with a digital charge-coupled device camera and an image analysis system.
Cell culture. OPCs were prepared following an institutionally approved protocol, as previously described (Arai and Lo, 2009) . Briefly, cerebral cortices from 1-to 2-d-old Sprague Dawley rats were dissected, minced, and digested. Dissociated cells were plated in poly-D-lysinecoated 75 cm 2 flasks and maintained in DMEM containing 20% heatinactivated fetal bovine serum and 1% penicillin/streptomycin. After the cells were confluent (ϳ10 d), the flasks were shaken for 1 h on an orbital shaker (220 rpm) at 37°C. They were then changed to new medium and shaken overnight (ϳ20 h). The medium was collected and plated on noncoated tissue culture dishes for 1 h at 37°C. The nonadherent cells were collected and replated in Neurobasal medium containing glutamine, 1% penicillin/streptomycin, 10 ng/ml platelet-derived growth factor (PDGF), 10 ng/ml FGF, and 2% B27 supplement onto poly-DLornithine-coated plates. Four to five days after plating, the OPCs were used for the experiments. The purity of our OPCs is Ͼ98% as assessed with A2B5 staining. To differentiate OPCs from myelin-basicprotein-positive oligodendrocytes, the culture medium was switched to DMEM containing 1% penicillin/streptomycin, 10 ng/ml CNTF, 50 ng/ml T3, and 2% B27 supplement.
Immunocytochemistry. After cells reached 70 -80% confluence, they were rinsed with ice-cold PBS, pH 7.4, followed by 4% paraformaldehyde for 10 min. After being further washed three times in PBS containing 0.1% Triton X-100, they were incubated with 1% BSA in PBS for 1 h. Then cells were incubated with primary antibodies against the OPC markers NG2 (1:50; Millipore) or A2B5 (1:50; Abcam), or VEGFreceptor2/KDR/Flk-1 (1:100; Santa Cruz Biotechnology) at 4°C overnight. After washing with PBS, they were incubated with secondary antibodies conjugated with fluorescein isothiocyanate for 1 h at room temperature. Finally, nuclei were counterstained with DAPI, cells were rinsed, and cover slides were placed. Immunostaining was analyzed with a fluorescence microscope (Olympus BX51) interfaced with a digital charge-coupled device camera and an image analysis system.
Determination of cell proliferation/survival. Cell proliferation/survival was assessed by water-soluble tetrazolium salt (WST) assay (Dojindo). This assay is based on the detection of dehydrogenase activity of viable cells. Twenty-four hours after treatment with VEGF-A (catalog number: V7259; Sigma) or VEGF-C (catalog number: SRP4633; Sigma), cells were incubated with 10% WST solution for 1 h at 37°C. Then the absorbance of the culture medium was measured with a microplate reader at a test wavelength of 450 nm and a reference wavelength of 630 nm.
OPC migration. Once OPCs were 70 -80% confluent, a wound was made across the cells with a cell scraper (MidSci) . Then the cultures were washed once with Neurobasal medium. After VEGF-A, VEGF-C, or vehicle (PBS) was added into Neurobasal medium containing glutamine, 1% penicillin/streptomycin, and 2% B27, cells were allowed to migrate for 24 h. Next, the number of OPCs that moved across the injury line was counted. Because VEGF signaling is known to require low levels of reactive oxygen species (ROS), we further asked whether ROS were involved in our OPC migration system. To do this, we compared VEGF-A-induced OPC migration under conditions with or without ROS generation. We used Neurobasal medium containing glutamine and 1% penicillin/streptomycin and compared this with 2% B27AOϪ. B27AOϪ is a medium containing the same nutrients as B27, but missing five antioxidants (vitamin E, vitamin E acetate, superoxide dismutase, catalase, and glutathione).
Immunoprecipitation/Western blotting. Immunoprecipitation with anti-FAK antibody was conducted using protein A/G plus-agarose (both from Santa Cruz Biotechnology) according to the manufacture's instruction, followed by Western blot analysis. For FLK-1/␤-actin Western blotting, cultures were rinsed twice with ice-cold PBS and cells were collected into cell lysis buffer (Cell Signaling Technology) containing 2-mercaptoethanol. After cell lysates were heated at 95°C for 5 min, each sample was loaded onto 4 -20% Tris-glycine gels following electrophoresis and transferring to polyvinylidene difluoride membranes (Novex). The membranes were then blocked in Tris-buffered saline containing 0.1% Tween 20 and 0.2% I-block (Tropix) for 90 min at room temperature. Membranes were incubated overnight at 4°C with anti-Flk-1 antibody (1:200; Santa Cruz Biotechnology), anti-paxillin antibody (1:200; Santa Cruz Biotechnology), anti-MBP antibody (1:1000; Abcam), or anti-␤-actin antibody (1:10,000; Santa Cruz Biotechnology). The next day, the membranes were incubated with peroxidase-conjugated secondary antibodies and visualized by enhanced chemiluminescence (GE Healthcare).
F-actin staining. Twenty-four hours after cells were stimulated with 100 ng/ml VEGF-A, polymerized actin fibers were visualized by Alexa Fluor 350 phalloidin (Invitrogen) according to the manufacture's instruction. Briefly, cells were washed twice with prewarmed PBS, pH 7.4, followed by 4% paraformaldehyde for 10 min. After being further washed three times in PBS containing 0.1% Triton X-100, they were incubated with 165 nM Alexa Fluor 350 phalloidin in PBS containing 1% BSA for 20 min. After washing with PBS again, they were analyzed with the Olympus BX51 fluorescence microscope system. ROS assay. CM-H2DCFDA (Invitrogen) was used to detect ROS production. This compound is rapidly oxidized to the fluorescent 2Ј,7Ј-dichlorofluorescein in a reaction with oxidizing species such as H2O2. When OPCs were 70 -80% confluent, the culture media were switched to Neurobasal medium containing glutamine, 1% penicillin/streptomycin, and B27 supplement minus antioxidant (Invitrogen) with or without 100 ng/ml VEGF-A. Thirty minutes later, cells were washed twice with prewarmed PBS, pH 7.4, followed by 4% paraformaldehyde for 10 min. Figure 1 . a, Immunostaining showed that NG2-positive OPCs (green) in cerebral cortex of postnatal day 2 rat expressed VEGF-receptor 2/KDR/Flk-1 (red). Nuclei were stained with DAPI (blue). b, Immunostaining demonstrated that our OPC cultures expressed VEGF-receptor 2/KDR/Flk-1 (red) as well as OPC markers NG2 (green) and A2B5 (green). Nuclei were stained with DAPI (blue). c, Western blotting confirmed that OPCs expressed Flk-1. The rat brain endothelial cell line RBE.4 (endothelium) was used as a positive control. d, VEGF-A did not affect OPC proliferation in culture. Twenty-four hours after VEGF-A treatment, OPC proliferation was measured by a WST assay. e, VEGF-A did not differentiate OPCs. Twenty-four hours after VEGF-A treatment, cell lysates were subjected to Western blot with anti-myelin-basic protein (MBP; a marker for OPC maturation) and anti-␤ actin (internal control). Samples from cells differentiated with 10 ng/ml CNTF and 50 ng/ml T3 (C/T) were used as a positive control. f, VEGF-A induced the OPC migration in culture. Twenty-four hours after VEGF-A treatment, migrated OPCs was counted in a blind manner. Representative pictures demonstrated the increase in OPC migration upon VEGF-A treatment (100 ng/ml for 24 h). The dotted line represents the cut and the arrow indicates the direction of OPC movement. Quantitative data showed that VEGF-A migrated OPCs in a concentration-dependent manner. g, VEGF-C promoted the OPC proliferation in culture. Twenty-four hours after VEGF-A (100 ng/ml) or VEGF-C treatment, OPC proliferation was measured by a WST assay. In contrast, VEGF-C showed less efficacy than VEGF-A in the OPC migration in culture. Twenty-four hours after VEGF-A (100 ng/ml) or VEGF-C (100 ng/ml) treatment, migrated OPCs was counted in a blind manner. *p Ͻ 0.05 versus VEGF-A.
After being further washed three times in PBS containing 0.1% Triton X-100, they were incubated with 10 M CM-H2DCFDA in PBS for 30 min. After washing with PBS again, they were analyzed with the Olympus BX51 fluorescence microscope system.
Statistical analysis. All of the experiments were blinded, performed in duplicate, and repeated three to five times independently. Quantitative data were analyzed using ANOVA followed by Tukey's honestly significant difference tests. Data are expressed as mean Ϯ SD. Differences at p Ͻ 0.05 was considered significant.
Results
The endothelial receptor that is primarily responsible for VEGF-A-induced angiogenesis is VEGF-receptor2/KDR/Flk-1. In vivo, we first confirmed that OPCs in neonatal rat brain express Flk-1 (Fig. 1a) . Next, to assess the potential role of VEGF-A signaling in OPCs, we asked whether this prototypical receptor is expressed in our cell system as well. OPCs were prepared from neonatal rat brains. As expected, immunostaining (Fig. 1b) and Western blot analysis (Fig. 1c) showed that our OPCs expressed Flk-1.
Since the receptor was present, we next asked whether VEGF-A signaling was active in OPCs. Cellular maturation, proliferation, and migration assays were used as surrogate measures of OPC function. OPCs were treated with exogenous VEGF-A and 24 h later, the cells were examined. VEGF-A treatment did not alter rates of OPC proliferation (Fig. 1d) . VEGF-A did not appear to affect OPC maturation, as evidenced by the lack of myelin-basic-protein bands on Western blots (Fig. 1e) . However, VEGF-A clearly amplified rates of OPC migration, as measured with a standard scratch migration assay (Fig. 1f ) . Because Le Bras et al. (2006) demonstrated that VEGF-C promoted OPC proliferation through VEGF-receptor-3, we tested the efficacy of VEGF-C in our cell culture system. As reported, VEGF-C also enhanced OPC proliferation but did not appear to have detectable effects on OPC migration (Fig. 1g) .
But how does VEGF-A mediate OPC movement? Dynamic changes in actin cytoskeleton are needed for cells to move. Therefore, we next examined whether VEGF-A treatment changed the organization of actin cytoskeleton in OPC cultures. Twenty-four hours after VEGF-A treatments, OPCs were fixed and stained with phalloidin to visualize polymerized F-actin fibers. Migrated OPCs in the VEGF-A-treated group showed reorganization of actin cytoskeleton, especially in leading processes (Fig. 2a,b) . A neutralizing antibody against Flk-1 inhibited both VEGF-Ainduced actin reorganization and migration (Fig. 2a,c) , confirming that this receptor mediated VEGF-A signaling for OPC migration.
Focal adhesion kinase (FAK) and paxillin are both adhesionassociated proteins that transmit external signals into changes in cell motility. Paxillin works as a platform for protein tyrosine kinases such as FAK, and also binds to proteins that reorganize actin cytoskeleton during VEGF-induced cell migration. Therefore, we asked whether a similar signaling pathway was involved in our model system. OPCs were treated with VEGF-A for 24 h, then cell lysates were immunoprecipitated with anti-FAK antibody and subjected to Western blot analysis with anti-paxillin or anti-FAK antibodies. VEGF-A-treated OPCs showed augmented FAK-paxillin binding, and the binding was inhibited by cotreatment with anti-Flk-1 neutralizing antibody (Fig. 3a) . Furthermore, the FAK inhibitor PF573228 reduced the number of VEGF-induced migrated OPCs (Fig. 3b ) without affecting OPC cell numbers (Fig. 3c) .
Finally, we asked whether ROS were involved in VEGF-Amediated OPC migration. Excess ROS generated in neurodegeneration are cytotoxic. But low levels of ROS may be essential for cellular homeostasis. Recently, it has been determined that VEGF signaling requires ROS (Ushio-Fukai, 2006) . Therefore, we asked whether VEGF-induced OPC migration in our model system may also require ROS. A standard dichlorofluorescein assay demonstrated that ROS were rapidly generated after VEGF-A was added to OPCs (Fig. 4a) . Removing anti-oxidants (vitamin E, vitamin E acetate, superoxide dismutase, catalase, and glutathione) from the experimental culture media significantly increased VEGF-A-induced OPC migration (Fig. 4b) .
Discussion
This study showed that the prototypical VEGF receptor Flk-1 is expressed in OPCs. VEGF-A did not affect proliferation or cause OPCs to differentiate into mature oligodendrocytes, but VEGF-A clearly stimulated OPC migration via FAK and ROS-dependent mechanisms. Together, our findings support a novel role for VEGF-A in OPC homeostasis and maintenance.
In recent years, the concept of the neurovascular unit has allowed a rethinking of how CNS function and dysfunction require crosstalk between multiple cell types in the brain (Iadecola and Nedergaard, 2007; Zacchigna et al., 2008; Zlokovic, 2008; Moskowitz et al., 2010) . In part, many of these phenomena are mediated by the exchange of common signals and factors between different cell types. For example, cerebral endothelial cells produce BDNF and other growth factors that are neuroprotective and support neuronal function (Dugas et al., 2008; Guo et al., 2008) . In the so-called neurovascular niche, angiogenic factors such as VEGF enhance both neurogenesis and angiogenesis (Storkebaum and Carmeliet, 2004; Ohab and Carmichael, 2008; Madri, 2009) . Astrocytes release TSP-1, which promotes synaptic development in neurons (Eroglu et al., 2009 ). And of course, it is well known that astrocytes and pericytes release multiple factors that help maintain the blood-brain barrier phenotypes in brain endothelium (Iadecola and Nedergaard, 2007; Bell et al., 2010) . Our present findings provide yet another example of how VEGF-A can play multiple roles in different cell types, including OPCs.
For the most part, the concept of the neurovascular unit is used to guide investigations in gray matter. Recently, however, we proposed that an oligo-vascular niche might also exist, wherein trophic support from brain endothelium help sustain OPCs and defend them against cellular stress (Arai and Lo, 2009 ). Furthermore, astrocyte-derived soluble factors were also reported to nourish oligodendrocyte lineage cells (Corley et al., 2001; Arai and Lo, 2010) . Hence, cell-cell trophic interactions are likely to be important in white matter as well.
White matter primarily consists of axonal bundles ensheathed with myelin by mature oligodendrocytes, and plays an important role in passing signals between different areas of gray matter. During development, OPCs migrate from the ventricular zone to their destination and then differentiate to form myelin sheaths (Lee et al., 2000; Bhat, 2003) . OPCs are also widely distributed in adult brain (Nishiyama et al., 2009) , and after brain injury, they are guided to the site for contributing to myelin repair (Nishiyama et al., 2009) . The maturation of OPCs into oligodendrocytes needs multiple steps, and several growth factors such as basic fibroblast growth factor (bFGF) and hepatocyte growth factor (HGF) are known to play key roles (Milner et al., 1997; Yan and Rivkees, 2002; Magy et al., 2003) . In terms of OPC migration, PDGF is the most well examined growth factor involved. The mechanisms of PDGF-induced OPC migration are now thought to require phosphorylation of cyclin-dependent kinase 5 (Miyamoto et al., 2008) and tyrosine kinase modification of voltageoperated Ca 2ϩ channels (Paez et al., 2010) . Our current study identified VEGF as a new factor for this phenomenon. But one significant difference is that PDGF, bFGF, and HGF all promote OPC proliferation as well. In contrast, our data show that VEGF had no effects of OPC proliferation. Hence, VEGF might contribute to white matter homeostasis in different ways from other growth factors.
Although this proof-of-concept study supports a novel role for VEGF-A in OPCs, there are several caveats worth keeping in mind. First, we focused on only VEGF-A and Flk-1, but other was accelerated under antioxidant-free conditions. Antioxidants (vitamin E, vitamin E acetate, superoxide dismutase, catalase, and glutathione) were deprived from culture medium, and VEGF-A-stimulated (100 ng/ml, 24 h) migration was counted in a blinded manner. More cells moved in response to VEGF-A stimulation under antioxidant-free conditions. *p Ͻ 0.05.
VEGF families and VEGF receptors may also be involved. Le Bras et al. (2006) demonstrated that VEGF-C promoted OPC proliferation through VEGF-receptor-3. In our cell culture system, VEGF-C also enhanced OPC proliferation but did not appear to have detectable effects on OPC migration. Hence, OPC proliferation/migration might be differentially regulated by different VEGFs/VEGF receptors. Second, our VEGF effects seem to require ROS. Although excess ROS generated in neurodegeneration are obviously cytotoxic, it is now recognized that baseline levels of reactive species might also participate in normal cell function. For example, proangiogenic VEGF actions in endothelial cells require the functional production of radicals from the NADPH oxidase pathway (Ushio-Fukai, 2006 ). More work is warranted to investigate how VEGF-evoked ROS signals may contribute to the balance between deleterious (OPC death) versus potentially beneficial (OPC migration) effects in whitematter maintenance. Finally, our experiments are limited to functional assays. We do not have any data on whether the ability of VEGF to stimulate OPC migration may actually contribute to white-matter recovery after brain injury. When axons are damaged, OPCs are guided to the injury site to generate new oligodendrocytes. Indeed, OPCs from human embryonic stem cells are now proposed as a cell therapy for spinal-cord injury (Zhang et al., 2006) . Hence, the ability of VEGF treatments to improve neurological deficits in rodent stroke models may involve not only angiogenesis (Zhang et al., 2000; Sun et al., 2003) , but also oligodendrogenesis and plasticity. Future studies to dissect the roles of VEGF and OPCs in white-matter remodeling are warranted.
In conclusion, our findings demonstrate that VEGF-A promotes OPC migration via FAK-and ROS-dependent mechanisms. VEGF-A is not only an endothelial, neuronal, and astrocytic mediator; it also likely plays a role in OPC homeostasis. These findings provide yet another example of the commonality and overlap of signals in the neurovascular unit. How these pathways participate in white-matter maintenance and repair should be an interesting direction for future studies. White-matter dysfunction is a critically important part of stroke, brain injury, and neurodegeneration. Therefore, dissecting the mechanisms of how VEGF-OPC signaling works in white matter under normal and pathologic conditions may help us explore new therapeutic avenues for CNS disease.
